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Magnetorystalline anisotropy in RAu2Ge2 (R = La, Ce and Pr) single rystals
Devang A. Joshi
∗
and A. K. Nigam, S. K. Dhar and A. Thamizhavel
Department of Condensed Matter Physis and Materials Siene,
Tata Institute of Fundamental Researh, Colaba, Mumbai 400 005, India.
Anisotropi magneti properties of single rystalline RAu2Ge2 (R = La, Ce and Pr) ompounds
are reported. LaAu2Ge2 exhibit a Pauli-paramagneti behavior whereas CeAu2Ge2 and PrAu2Ge2
show an antiferromagneti ordering with Ne`el temperatures TN = 13.5 and 9 K, respetively. The
anisotropi magneti response of Ce and Pr ompounds establishes [001℄ as the easy axis of magne-
tization and a sharp spin-ip type metamagneti transition is observed in the magneti isotherms.
The resistane and magnetoresistane behavior of these ompounds, in partiular LaAu2Ge2, in-
diate an anisotropi Fermi surfae. The magnetoresistivity of CeAu2Ge2 apparently reveals the
presene of a residual Kondo interation. A rystal eletri eld analysis of the anisotropi susepti-
bility in onjuntion with the experimentally inferred Shottky heat apaity enables us to propose
a rystal eletri eld level sheme for Ce and Pr ompounds. For CeAu2Ge2 our values are in
exellent agreement with the previous reports on neutron diration. The heat apaity data in
LaAu2Ge2 show learly the existene of Einstein ontribution to the heat apaity.
PACS numbers: 71.70.Ch, 72.15.Eb, 73.43.Qt, 75.50.Ee
Keywords: Single Crystal, Crystal Eletri Field, RAu2Ge2, Antiferromagnets
I. INTRODUCTION
The family of rare earth intermetalli ompounds
RT2X2 (R: rare earths, T: Transition metal and X: p-
blok element (Si or Ge)) rystallizing in the ThCr2Si2-
type tetragonal struture onstitute a reservoir of om-
pounds showing a wide variety of interesting mag-
neti and superonduting properties. Some of the Ce
and Yb based ompounds within this family are well-
known for their heavy fermion, valene utuation, quan-
tum ritiality, superondutivity and Kondo behav-
ior arising from the hybridization between the 4f and
the ondution eletrons. For example CeCu2Si2 [1℄is
a well Known rst heavy fermion superondutor,
CeCu2Ge2 shows Kondo behavior [2℄, CeRu2Si2 [3℄,
CePd2Si2 [4℄, CeCu2Ge2 [5℄ and CeRh2Si2[6℄ show a
quantum ritial behavior. YbRh2Si2 possessing a low
lying antiferromagneti ground state has been inten-
sively studied in reent years for its quantum ritial
behavior indued both by external magneti eld and
pressure. Dierent types of magneti ordering are ob-
served in the Pr ompounds. PrRu2Si2 [8℄, PrRu2Ge2 [9℄
and PrOs2Si2 [14℄ are ferromagneti while antiferromag-
neti or ompliated magneti ordering is observed in
ase of PrCo2Ge2 [10℄, PrCo2Si2 [11℄, PrNi2Si2 [12℄ and
PrCu2Ge2 [13℄.While initial reports are typially based
on polyrystalline materials, data obtained on single
rystals provide a more omprehensive piture of the
physial properties inluding their anisotropy, inevitable
in tetragonal symmetry. For example, our reent work
on a single rystal of CeAg2Ge2 [7℄ removed the ambi-
guity about the magneti transition temperature of this
ompound whih existed due to the oniting reports
∗
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in the literature based on polyrystalline samples. A
quasi-quartet ground state arising due to two low ly-
ing rystal eletri eld split states was also established
from the analysis of the magnetization data whih show a
large anisotropy along the two priniple rystallographi
diretions. The suessful growth of single rystals of
CeAg2Ge2 [7℄ ahieved for the rst time motivated us to
investigate the single rystalline behavior of RAu2Ge2 (
R = La, Ce and Pr) ompounds using magneti, thermal
and transport measurements down to 1.8 K.
In this paper, ndings of the detailed study of the
physial properties of single rystalline RAu2Ge2 (R =
La, Ce and Pr) ompounds is reported. Polyrystalline
CeAu2Ge2 and PrAu2Ge2 have previously been reported
to order antiferromagnetially at TN = 16 K [15℄ and
12 K [16℄ respetively. The neutron diration results on
CeAu2Ge2 laries the pure antiferromagneti ordering
of the Ce moment lying along the  axis of the tetrago-
nal unit ell with an ordered moment of 1.88 µB/Ce at
1.5 K. PrAu2Ge2 undergoes a metamagneti transition
at 32 KOe [16℄. There are no reports on LaAu2Ge2. Our
study on single rystalline samples infers the ordering
temperatures of the ompounds to be 13.5 and 9 K for
CeAu2Ge2 and PrAu2Ge2 respetively in ontrast to the
polyrystalline report. Other results on CeAu2Ge2are in
agreement with the reported ones. In ase of PrAu2Ge2
spin ip type metamagneti transition ours at 22 KOe
in ontrast to the polyrystalline report.
II. EXPERIMENTAL
Single rystals of RAu2Ge2 ompounds were grown by
high temperature solution growth method. Sine all the
onstituents of RAu2Ge2 have high melting points, none
of them ould be used as a ux. Looking into the bi-
nary phase diagram of the Au:Ge system, it was observed
2that for a partiular omposition of Au:Ge = 72:28, an
euteti forms with a melting point of 361
o
C. Sine we
had previously sueeded in growing the single rystals of
CeAg2Ge2 by using a binary Ag-Ge euteti as a self ux,
initially we attempted Au-Ge euteti for the growth of
RAu2Ge2 ompounds. But the single rystals thus ob-
tained were small in size. We also attempted to grow the
single rystals of RAu2Ge2 ompounds using Bi as ux.
To avoid the reation of ux with the onstituents of om-
pounds, an ingot of RAu2Ge2 was prepared by melting
in an ar furnae with the onstituents taken in proper
stoihiometri ratio. The as-ast ingot of RAu2Ge2 and
the Bi ux in the ratio of 1:19 were plaed in an alumina
ruible and subsequently sealed in an evauated quartz
tube. The mixture was heated up to 1100
o
C and main-
tained at that temperature for 30 hrs, followed by slow
ooling (1
o
C / h) to 550
o
C and then rapidly ooled down
to room temperature. The rystals were separated from
the ux by means of entrifuging. The typial size of the
obtained rystals was 7× 4 × 1 mm3. The rystals nule-
ated on the walls of ruible and formed as thin platelets
stiking together to form a big single rystal. An energy
dispersive x-ray analysis EDAX was performed on all of
the obtained single rystals to identify their phase. The
EDAX results onrmed the rystals to be of the ompo-
sition 1:2:2. In our present study we have used the single
rystals grown from the Bi ux. To hek for the phase
purity, powder x-ray diration pattern of these om-
pounds were reorded by powdering a few small piees
of single rystals. The grown rystals were then oriented
along the prinipal rystallographi diretions by means
of Laue diration. Well dened Laue diration spots,
together with the tetragonal symmetry pattern, indiated
the good quality of single rystals. The rystals were then
ut along the rystallographi diretions using a spark
erosion utting mahine to study their anisotropi prop-
erties. The DC magneti measurements were performed
in the temperature range 1.8 - 300 K and in the magneti
elds up to 120 KOe along the two prinipal diretions
using a SQUID magnetometer (Quantum Design) and
a vibrating sample magnetometer (VSM, Oxford Instru-
ments). The resistivity and heat apaity were measured
using a physial property measurement system (PPMS,
Quantum Design).
III. RESULTS AND DISCUSSION
The RAu2Ge2 (R = La, Ce and Pr ) ompounds form
in a tetragonal struture with a spae group I4/mmm.
To onrm the phase homogeneity of the ompounds
with proper lattie and rystallographi parameters, a
Rietveld analysis of the observed x-ray pattern of the
three ompounds was arried out using the FULLPROF
program [17℄. The lattie parameters and the unit ell
volume thus obtained are listed in Table I and a repre-
sentative Rietveld rened plot of CeAu2Ge2 is shown in
Fig. 1. We obtained a χ2 value of 2.6, goodness of t of
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Figure 1: (Color online) Powder x-ray diration pattern
reorded for rushed single rystals of CeAu2Ge2 at room
temperature. The solid line through the experimental data
points is the Rietveld renement prole alulated for the
tetragonal CeAu2Ge2. The stars represent the x-ray peaks
orresponding to Bi.
Compound a (Å)  (Å) V (Å
3
) TN (K)
LaAu2Ge2 4.422 10.45 204.3 P-P
CeAu2Ge2 4.385 10.444 200.8 13.5
PrAu2Ge2 4.366 10.443 199 9.0
Table I: Lattie parameters of RAu2Ge2 ompounds with unit
ell volume and Ne`el temperature. P-P: Pauli paramagneti.
1.7, and Bragg R fator of 0.081. The lattie parameters
are omparable to those reported earlier for the polyrys-
talline samples [15, 16℄. The lattie parameters dereases
as we move from La to Pr, attributed to well Known lan-
thanide ontration. The unit ell volume of RAu2Ge2
ompounds is higher ompared to that of RCu2Ge2 om-
pounds and less than that of RAg2Ge2 ompounds. This
may be due to the intermediate size of the Au atom om-
pared to Cu and Ag.
A. LaAu2Ge2
We rst desribe the physial properties of LaAu2Ge2
whih an be onsidered as the referene, non-magneti
analog for the magneti RAu2Ge2 ompounds. The
suseptibility of LaAu2Ge2 (Fig. 2a) shows a Pauli-
paramagneti behavior at room temperature, with an
absolute value of nearly 2.3×10−4 emu/mol. It remains
nearly temperature independent down to 50 K and shows
an upturn at lower temperatures (Fig. 2a). The low tem-
perature upturn is most likely due to the presene of
paramagneti ions in the onstituents used to prepare
the alloys. A t (shown by the solid line in Fig. 2a) of
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Figure 2: (Color online) a) Magneti suseptibility of
LaAu2Ge2 with a t desribed in text. The inset shows the
C/T vs T
2
plot with a linear t. b) Heat apaity urve of
LaAu2Ge2 with a t desribed in the text. The inset shows
the C/T
3
vs T plot.
the modied Curie-Weiss law
χ = χ0 +
Nµ2eff
3kB(T − θp)
(1)
to the data, where the parameters have their usual
meaning, yields χ0 = 2.312 x 10
−4
emu/mol and µeff=
0.1 µB. The magnitude of χ0 is typial for the La om-
pounds and a low value of the eetive moment indiates
that the upturn at low temperatures is due to the pres-
ene of some (< 1 %) magneti impurity ions in the on-
stituents. The heat apaity of the ompound (Fig. 2b)
inreases monotonially with temperature. The magni-
tude of the eletroni ontribution γ, obtained from the
low temperature heat apaity data is ≈7 mJ/mol K2.
Inset of Fig. 2b shows a plot of C/T
3
vs T , a represen-
tation that is often used to assess the possible presene
of low-frequeny Einstein modes in the spei heat [19℄.
The maximum, in this ase at Tmax = 13 K, ould be
interpreted as the temperature below whih the Einstein
modes are frozen out. This is also the temperature where
the deviation from a pure Debye desription of the spe-
i heat beomes onspiuous. Considering this, the
thermal variation of the heat apaity of the ompound
was tted to the ombined Einstein and Debye ontribu-
tions as shown by the solid line in Fig. 2b. The total heat
apaity in suh a ase is given by
CTot = γT + (CE + CD) (2)
where the rst term represents the eletroni ontribu-
tion, the seond term inludes Einstein ontribution CE
and Debye ontribution CD. The Einstein ontribution
is given by
CE =
∑
n′
3nEn′R
y2ey
(ey − 1)2
(3)
where y = ΘEn′/T , ΘE is the Einstein temperature, n
′
is
the summation over the dierent Einstein temperatures,
R is the gas onstant and nE is the number of Einstein
osillators. The Debye ontribution is given by
CD = 9nDR
(
T
ΘD
)3 ΘD/T
0
x4exdx
(ex − 1)
2 (4)
where x= ΘD/T . ΘD is the Debye temperature and nD
is the number of Debye osillators. Iterative t to the
Eq. 2 was performed by using the values of eletroni
ontribution γ as estimated above and xing the number
of atoms nD and nE for a partiular t, allowing both
ΘEn′ and ΘD to vary as tting parameters. A good t
to the heat apaity of LaAu2Ge2 over the entire range
of temperature was obtained by assigning three Debye
harateristi atoms (nD = 3) with ΘD = 305 K plus
two Einstein harateristi atoms (nE1 = nE2 = 1) with
ΘE1 = 74 K . The desription of heat apaity in terms
of a ombination of aousti and optial modes an be
readily understood by assigning the La and Ge atoms in
the unit ell to three Debye harateristi modes and Au
to the remaining Einstein modes. Sine Au is muh larger
in size ompared to other atoms, it an be expeted to
vibrate with a lower natural frequeny. It an be shown
that the Einstein temperature ΘE is related to the peak
in C/T
3
against T plot (Tmax) by the relation Tmax =
ΘE/5 [20℄, whih is in fair agreement with the observed
value of Tmax = 13 K.
The resistivity of LaAu2Ge2 with urrent parallel to
[100℄ and [001℄ diretions is shown in Fig. 3. The resis-
tivity along both the rystallographi diretions exhibit
a metalli behavior down to 15 K and levels o at low
temperatures with a residual resistivity of 18 µΩcm and
1.4 µΩcm respetively for [100℄ and [001℄ diretions. The
observed behavior is in tune with the phonon indued
sattering of the harge arriers as expeted for a non
magneti ompound. The resistivity along [001℄ dire-
tion is found to be lower ompared to the in-plane [100℄
resistivity by a fator of nearly 20 at 300 K points out
signiant anisotropy. The similar anisotropi behavior
in the resistivity was also found for Ce and Pr ompounds
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Figure 3: (Color online) Resistivity of LaAu2Ge2 with urrent
parallel to [100℄ and [001℄ diretions. The resistivity along the
two diretions is tted to Bloh-Gru¨nneisen relation.
desribed below and may arise due to the inherent stru-
tural anisotropy of the ompound. The resistivity with
urrent parallel to the two rystallographi diretions was
tted to the modied Bloh-Gru¨neisen relation given by
ρ(T ) = ρ0+4ΘDR
(
T
ΘD
)5 ΘD/T
0
x5dx
(ex − 1) (1 − e−x)
−KT 3
(5)
where x= ΘD/T , ΘD is the Debye temperature, ρ0
is the temperature independent residual resistivity and
R and K are the oeients of the phonon ontribution
to the resistivity (seond term) and the Mott s-d inter
band sattering (third term) respetively. The t to the
resistivity urves yields ΘD = 126 K, ρ0 = 18µΩcm,
and R = 0.273µΩcm for J // [100℄ and ΘD = 125 K,
ρ0 = 1.4µΩcm and R = 0.011µΩcm for J // [001℄,
the value of K was found to be zero for both the di-
retions. The Debye temperature remains nearly same
but there is an order of derease in the magnitude of
phonon ontribution to the resistivity for J // [001℄ in-
ferred from the values of R. The Debye temperature in
the Bloh-Gru¨neisen relation often diers from the value
of ΘD obtained from heat apaity data. In priniple,
the value of ΘD obtained from Bloh-Gru¨neisen relation
should onsiderably dier from that obtained from heat
apaity beause the former takes into aount only the
longitudinal phonons [21℄.
B. CeAu2Ge2
Figure4a shows the magneti suseptibility of
CeAu2Ge2 from 1.8 K to 300 K in a magneti eld of
3 kOe along the two rystallographi diretions ([100℄
and [001℄). The suseptibility with eld parallel to
[001℄ diretion shows an antiferromagneti transition
at TN = 13.5 K, less than that observed from neutron
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Figure 4: (Color online) a) Magneti suseptibility of
CeAu2Ge2 with magneti eld (3kOe) applied along the two
rystallographi diretions. b) Magneti isotherm at 2 K for
the same with eld along both the rystallographi diretions.
diration on a polyrystalline sample (16 K) [15℄. The
sharp drop of suseptibility below the Ne`el temperature
indiates that the moments are aligned antiferromag-
netially along the [001℄ diretion in possibly a ollinear
arrangement. The behavior indiates that the [001℄
axis is the easy axis of magnetization for CeAu2Ge2
as reported by Loidl et al [15℄. With eld along [100℄
diretion, the suseptibility remains below that of [001℄
diretion in the entire temperature range followed by
a Kink at the ordering temperature, indiating the hard
axis of magnetization. Curie-Weiss ts of the inverse
suseptibility in the paramagneti state gives eetive
moment (µeff ) and paramagneti Curie temperature
(θp) as 2.54 µB/Ce and 2.54 µB/Ce and -63 K and
27 K for eld parallel to [100℄ and [001℄ diretions,
respetively. The obtained eetive moment for both
the axes is equal to the expeted theoretial value
(2.54 µB/Ce). The polyrystalline average of θp is -34 K,
whih is in tune with the antiferromagneti nature of this
ompound. The large negative value also indiates the
presene of possible Kondo interation. The magneti
isotherms of the ompound with eld along both the
rystallographi diretions ([100℄ and [001℄) are shown
in Fig. 4b. The linear behavior of the magnetization at
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Figure 5: (Color online) Magneti Phase Diagram of
CeAu2Ge2.
2 K and up to ≈ 43 kOe with the eld along [001℄ axis
onrms the antiferromagneti nature of the ompound
in the magnetially ordered state. The magnetization
undergoes a spin ip type metamagneti transition at the
ritial eld HC ≈ 43 kOe followed by near saturation
at high elds. The saturation moment obtained at 2 K
and 120 KOe is 1.86 µB, less than the the theoretial
saturation moment of 2.14 µB and is in agreement with
the neutron diration results [15℄. From the dierential
plots of the isothermal magnetization urves (not shown
here), we have onstruted the magneti phase diagram
as depited in Fig. 5. The ritial eld HC dereases
with inrease in temperature and nally vanishes at TN .
At low temperatures and for elds less than ≈ 45 KOe,
the system is in a purely antiferromagneti state as
indiated and enters into the eld indued ferromagneti
state at higher elds.
The heat apaity behavior of the ompound in zero
and applied elds is shown in Fig. 6. An anomaly in
the heat apaity at 13.5 K with a peak height of ≈ 11
J/mol K onrms the bulk magneti ordering of Ce
3+
ions. The peak height is lose to the mean eld value
of 12.5 J/mol K for spin S = 1/2. The magnitude of
the Sommereld oeient γ was estimated to be ≈
15 mJ/mol K
2
from the y interept of the C/T vs T
2
urve (not shown). Appliation of the magneti eld of
20 KOe shifts the heat apaity peak towards low tem-
perature and redues its height. At higher elds (60 and
80 KOe) the peak vanishes altogether onsistent with
the presene of metamagneti transition (43 KOe). The
4f ontribution to the heat apaity of CeAu2Ge2 C4f ,
Fig. 6b was extrated by subtrating the heat apaity of
LaAu2Ge2. Besides the peak at TN , C4f exhibits a broad
peak entered around 60 K arising due to the Shottky
ontribution from the thermal variation of the popula-
tion of exited CEF levels. The entropy alulated using
the expression S4f =
 T
0
C4f
T dT , plotted as a funtion of
temperature is shown in the inset of Fig. 6a.The entropy
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Figure 6: (Color online) a) Heat apaity of CeAu2Ge2 in
presene and absene of magneti elds. The inset shows the
4f entropy against temperature for the same. b) Magneti
ontribution (C4f ) to the heat apaity of CeAu2Ge2 with a
Shottky t.
is 5.5 J/mol K at TN , lose to the value for a well isolated
doublet ground state and attains a value of 13.4 J/mol K
at 190 K, omparable to the theoretially expeted value
of Rln6 (14.9 J/mol K).
In order to understand the magnetorystalline
anisotropy and to Know about the rystal eld energy
level splittings of the R
3+
ion in RAu2Ge2, we have
performed the CEF alulations using the point harge
model. The rare-earth atom in this series of ompounds
oupy the 2a Wyko position whih has the tetragonal
point symmetry. The CEF Hamiltonian for a tetragonal
symmetry is given by,
HCEF = B
0
2O
0
2 +B
0
4O
0
4 +B
4
4O
4
4 +B
0
6O
0
6 +B
4
6O
4
6, (6)
where Bmℓ and O
m
ℓ are the CEF parameters and the
Stevens operators, respetively [22, 23℄. The CEF sus-
eptibility is dened as
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Figure 7: (Color online) Inverse suseptibility of CeAu2Ge2
for H // [100℄ and [001℄ diretions. The solid line through the
data points represent the rystal eletri eld t.
χCEFi = N(gJµB)
2 1
Z

∑
m 6=n
| 〈m | Ji | n〉 |
2 1− e
−β∆m,n
∆m,n
e−βEn +
∑
n
| 〈n | Ji | n〉 |
2 βe−βEn

 , (7)
where gJ is the Landé g - fator, En and |n〉 are the nth
eigenvalue and eigenfuntion, respetively. Ji (i=x, y
and z) is the omponent of the angular momentum, and
∆m,n = En − Em, Z =
∑
n e
−βEn
and β = 1/kBT .
The magneti suseptibility inluding the moleular eld
ontribution λi is given by
χ−1i = χ
−1
CEFi − λi. (8)
For Ce
3+
ions the O6 terms in the above Hamiltonian
vanishes resulting in only three rystal led parameters.
The inverse suseptibility of CeAu2Ge2 with eld along
both the rystallographi diretions was tted to the
mentioned CEF model as shown in Fig. 7. The CEF
parameters obtained for the best t are B02 = -6.4 K, B
0
4
= -0.27 K and B44= 2.6 K with a moleular eld ontri-
bution of λ(100) = -41 K and λ(001) = -8 K respetively
for eld along [100℄ and [001℄ diretions. The negative
value of λ supports the antiferromagneti exhange in-
teration among the moments. The suseptibility ould
be tted using a set of values of CEF parameters but only
those values were onsidered whih ould also t the ex-
perimentally obtained Shottky anomaly. The CEF split
energy levels obtained from the above CEF parameters
are three doublets△0 = 0 K,△1= 128 K and△2= 199 K
whih are in exellent agreement with the values derived
from neutron sattering results on polyrystalline sample.
These energy levels were used to alulate the Shottky
ontribution using the equation
CSch (T ) = R
[∑
i gie
−Ei/T
∑
i giE
2
i e
−Ei/T −
[∑
i giEie
−Ei/T
]2
T 2
[∑
i gie
−Ei/T
]2
]
(9)
where R is a gas onstant, Ei is the energy in units of
temperature and gi is the degeneray of the energy level.
The alulated Shottky heat apaity is in good agree-
ment with the observed one as seen in Fig. 6b. Aording
to the mean eld theory, the CEF parameter B02 is re-
lated to the exhange onstant and paramagneti Curie
temperature by the relation [24℄
θ[001]p =
J(J + 1)
3kB
Jex
[001] −
(2J − 1)(2J + 3)
5kB
B02 , (10)
θ[100]p =
J(J + 1)
3kB
Jex
[100] +
(2J − 1)(2J + 3)
10kB
B02 . (11)
Substituting the values of the parameters we obtain
J
[100]
ex = -14.5 K and J
[001]
ex = -4.7 K. The negative value
of the exhange onstant along both the prinipal di-
retions imply an overall antiferromagneti interation
among the moments.
Fig. 8a shows the temperature dependene of resis-
tivity for CeAu2Ge2 with urrent parallel to [100℄ and
[001℄ diretions. The resistivity shows a metalli behav-
ior down to ≈ 130 K followed by a broad hump and then
drops faster at the ordering temperature ( TN = 13.5 K)
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Figure 8: (Color online) a) Resistivity of CeAu2Ge2 with J
// [100℄ and [001℄ diretion. The inset (I) shows the low tem-
perature portion with J // [100℄ and H // [001℄ diretion.
The inset (II) shows the resistivity of CeAu2Ge2 single rys-
tal grown with Au-Ge ux (J // [100℄) for omparison with
the presently studied Bi ux grown single rystal. b) The
transverse magnetoresistane of the same with J // [100℄, H
// [001℄ and J // [001℄, H // [100℄ at various temperatures
are shown.
due to the gradual freezing of the spin disorder resistiv-
ity. The broad hump below ≈ 130 K is due to the CEF
eets. The thermally indued variation of the frational
Boltzmann oupation of the CEF levels hanges the oth-
erwise onstant spin disorder resistivity and is qualita-
tively in agreement with the alulated CEF split energy
levels with seond exited state lying at 199 K. Similar to
LaAu2Ge2 the resistivity with urrent along [100℄ dire-
tion is higher than along [001℄ indiating the strutural
anisotropy in this ompound. The inset (I) of Fig. 8a
shows the low temperature resistivity in zero and applied
eld of 90 KOe for J // [100℄ and H // [001℄. The resistiv-
ity urve drops at the ordering temperature of the om-
pound as usual. Appliation of magneti eld (90 KOe)
redues the resistivity with appearane of a hump just
above the ordering temperature. The negative magne-
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Figure 9: (Color online) Transverse Magnetoresistane of
LaAu2Ge2 at 2 K.
toresistane is in agreement with the (eld indued) fer-
romagneti behavior of the ompound at 90 KOe. The
negative magnetoresistane above the ordering tempera-
ture is due to the redution in the spin disorder sattering
in presene of eld (90 KOe) ompared to the zero eld
one. The appearane of hump just above the ordering
temperature with appliation of eld is an anomalous
behavior. The exat reason for the observed behavior is
not Known but one of the possibilities is disussed be-
low. At 90 KOe and low temperatures the ompound is
in the eld indued ferromagneti state, inrease in tem-
perature may result in the formation of short range spin
utuations as a onsequene of ompetition between the
thermal energy and the external eld ausing the sat-
tering of the ondution eletrons.
The inset (II) of Fig. 8a shows the low temperature
part of the resistivity (J // [100℄) of CeAu2Ge2 single
rystal grown using Au:Ge ux. Unlike the resistivity
of Bi ux grown single rystal, the resistivity of Au:Ge
ux grown rystal shows a peak at the ordering temper-
ature TN = 13.5 K. This type of peak at the ordering
temperature is generally attributed to the superzone gap
eet. But onsidering the previous neutron diration
studies whih shows that CeAu2Ge2 is a simple ollinear
antiferromagnet [15℄ with a propagation vetor (0, 0, 1),
where suh type of superzone gap eet are not usually
observed, we laim that the single rystal grown using
Bi-ux is good ompared to the Au:Ge ux grown sin-
gle rystals. Although, the other preliminary magneti
property of Au:Ge ux grown single rystal shows similar
behavior (not shown here for brevity) to that of Bi ux
grown single rystals.
The transverse MR resistane of CeAu2Ge2 as a fun-
tion of eld and temperatures is shown in (Fig. 8b).
The magnetoresistane of the ompound was al-
ulated using the relation MR = [R(H)-R(0)℄/R(0)
(MR % = MR * 100). Before disussing the MR be-
havior of CeAu2Ge2 we rst disuss the MR behavior
of LaAu2Ge2 (Fig. 9) whih would be helpful in under-
8standing the MR behavior of CeAu2Ge2. The MR of
LaAu2Ge2 with J // [100℄ and H // [001℄ (Fig. 9) in-
reases with eld up to ≈ 5 % at 90 KOe. Whereas with
J // [001℄ and H // [100℄ the MR inreases anomalously
to ≈ 90 % at 90 KOe. The large anisotropi behavior in
the MR of the nonmagneti ompound indiates the pres-
ene of signiant anisotropy in the Fermi surfae of the
ompound. Referring to the MR of CeAu2Ge2 at 2 K
and with J // [100℄ and H // [001℄, the urve initially
dereases with eld followed by an upward turn above
30 KOe and then dereases sharply above ≈ 42 KOe.
The initial derease in MR at low elds (below 30 KOe)
is surprising sine the ompound is in the antiferromag-
netially ordered state and a positive magnetoresistane
is generally expeted. The negative magnetoresistane
appears in the ompounds having ferromagneti ordering
or Kondo behavior. The initial negative inrease of MR
at low elds indiates the weak Kondo interation in the
ompound, but suient enough to overome the small
positive ontribution arising from Lorentz eet and an-
tiferromagneti ordering. The presene of weak Kondo
interation is supported by the large negative value of
θp, low saturation moment of 1.86 µB/Ce in the magneti
isotherm at 2 K and a heat apaity jump of 11 J/mol K
ompared to 12.5 J/mol K. The upward turn in the MR
between 30 and 42 KOe is due to the positive ontribu-
tion arising from antiferromagneti ordering. The sharp
drop in the magnetoresistane above 42 KOe orresponds
to the eld indued ferromagneti behavior of the om-
pound, onsistent with the metamagneti transition in
the magneti isotherm. With inrease in temperature to
3.3 K the MR at low elds beome more negative om-
pared to that at 2 K. The behavior is also in agreement
with the Kondo behavior whih exhibit a minimum in
temperature variation of MR [25℄. At high temperature
(above 5.5 K) the MR inreases with eld due to the
inreasing positive ontribution from antiferromagneti
oupling and dereasing ontribution from Kondo eet.
The maximum ours at 8 K and then dereases with
temperature as expeted. The negative ontribution in
the paramagneti state at high elds is due to the de-
rease in the spin disorder sattering. The MR with J
// [001℄ and H // [100℄ is in sharp ontrast to the for-
mer one showing a positive ontribution at all elds and
nearly temperature independent behavior. The temper-
ature independent behavior of the MR indiates the ab-
sene of magneti ontribution. Comparing the MR be-
havior with that of the La ounterpart and assuming that
a similar applies here, it is possible that an anisotropy in
the Fermi surfae ause a omparatively large MR with J
// [001℄ suppressing the other smaller ontribution. With
J // [100℄, beause of the smaller ontribution from the
Fermi surfae, the other magneti ontributions are dom-
inant.
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Figure 10: (Color online) a) Magneti suseptibility of
PrAu2Ge2 with magneti eld (3kOe) applied along the two
rystallographi diretions. b) Magneti isotherm at 2 K for
the same with eld along both the rystallographi diretions.
C. PrAu2Ge2
PrAu2Ge2 orders antiferromagnetially at 9 K with
[001℄ as the easy axis of magnetization (Fig. 10a) similar
to CeAu2Ge2. In the paramagneti state, the magneti
suseptibility was tted to the Curie-Weiss law. The t
gives µeff and θp as 3.57 µB/Pr and -10 K and 10 K
for eld parallel to [100℄ and [001℄ diretions, respe-
tively. The value of µeff is equal to the theoretially
expeted value of Pr
3+
ion. The magneti isotherm at
2 K (Fig. 10b) with H // [001℄ shows a linear behav-
ior up to 20 KOe in onrmation with the antiferromag-
neti nature of the ompound. At ≈22 KOe (H // [001℄)
the ompound undergoes a spin ip type metamagneti
transition followed by slow inrease with eld attaining
a magneti moment of ≈ 2.2 µB/f.u. at 120 KOe. The
moment is less than the saturation moment of Pr
3+
ion.
The less moment may be due to the rystal eld eet.
The magneti isotherm with eld along [100℄ diretion
inreases linearly with a magnetization of ≈ 1.4 µB/f.u.
at 120 KOe, indiating the hard axis of magnetization.
The magneti phase diagram onstruted as disussed
before (Fig. 11a) shows the antiferromagneti and the
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Figure 11: (Color online) a) Magneti Phase Diagram of
PrAu2Ge2 onstruted from the magneti isotherms at vari-
ous temperatures. b) Inverse suseptibility of PrAu2Ge2 with
rystal eletri eld t.
eld indued ferromagneti behavior of the ompound.
For detailed investigation a rystal eld analysis of the
ompound was done by tting the inverse suseptibility
as shown in Fig. 11b. The Obtained value of the rystal
eld parameters are B02 = -1.2 K, B
0
4 = 0.08 K, B
4
4=
0.25 K, B06 = -0.0001K and B
4
6 = 0.006 K with a mole-
ular eld ontribution of λ(100) = -10 K and λ(001) =
0 K respetively for eld along [100℄ and [001℄ diretions.
Only those value of rystal eld parameters are onsid-
ered whih ts the suseptibility as well as provide a sat-
isfatory representation of the Shottky anomaly inferred
from the heat apaity measurements (desribed below).
The rystal eld split energy levels alulated using the
above rystal eld parameters are △0= 0 K (doublet),
△1= 39 K, △2= 98 K, △3= 115 K, △4= 148 K, △5=
186 K(doublet) and△6= 261 K. The energy level sheme
shows a doublet ground state for the Pr
3+
ion. The ex-
hange interation onstant obtained using Eq. 11 and 10
are J
[100]
ex = -0.114 K and J
[001]
ex = -1.27 K. The negative
value of the exhange interation onstant along both the
diretion indiates an overall antiferromagneti intera-
tion among the moments
The heat apaity behavior of PrAu2Ge2 in 0, 20 and
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Figure 12: (Color online) a) Heat apaity of PrAu2Ge2 in
0, 20 and 40 KOe. The inset shows the 4f entropy against
temperature. b) Magneti ontribution (C4f ) to the heat
apaity of PrAu2Ge2; the solid line shows the Shottky heat
apaity alulated from the CEF levels.
40 KOe is shown in Fig. 12a. The heat apaity shows an
anomaly at the antiferromagneti ordering temperature
of the ompound. An external eld of 20 KOe shifts the
peak towards low temperature as expeted for an anti-
ferromagnetially ordered ompound. At a higher eld
of 40 KOe, above the metamagneti transition eld, the
peak vanishes and there is a broad hump. The mag-
neti ontribution to the heat apaity (Fig. 12b) was
isolated by subtrating the heat apaity of LaAu2Ge2.
It shows a sharp peak at the ordering temperature fol-
lowed by a Shottky anomaly at high temperature. The
entropy alulated using the equation as mentioned be-
fore is plotted as a funtion of temperature in the inset
of Fig. 12a. It attains a value of ≈ 7 J/mol K at the or-
dering temperature, whih exeeds substantially the en-
tropy for a doublet ground state with eetive J = 1/2
(5.76 J/mol K). The exess entropy appears beause of
a substantial ontribution to C4f due to the Shottky
heat apaity at low temperatures arising from the rst
exited CEF level lying at 39 K. The total entropy ob-
tained at 150 K is 17.6 J/mol K, lose to the expeted
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Figure 13: (Color online) a) Resistivity of PrAu2Ge2 with J
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axis. b) The transverse magnetoresistane of the same with
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value of 18.2 J /mol K. The solid line in Fig. 12b shows
the Shottky heat apaity alulated from the CEF split
energy levels using expression 9. An overall good agree-
ment with the experimental C4f inreases the ondene
in the proposed CEF level sheme.
The resistivity of PrAu2Ge2 with urrent along the two
priniple rystallographi diretions is shown in Fig. 13a.
The resistivity with J // [100℄ is higher than that with
J // [001℄ as seen for both La and Ce ompounds. The
resistivity with urrent along both the diretions show
a metalli behavior down to the ordering temperature
followed by a sharp inrease at the ordering temperature
(inset of Fig. 13a.) and then falls down marginally at
low temperatures. The behavior is anomalous to the one
expeted below the ordering temperature. The rise of
the resistivity at the ordering temperature is attributed
to the formation of energy gap in ondution band due to
the dierene in the periodiity of the antiferromagneti
onguration and lattie, also Known as superzone gap
eet [26℄. The behavior indiates that moments have
antiferromagneti interation along both the diretions
with dierent periodiity. Sine the resistivity with J //
[100℄ is higher than that with J // [001℄ and also the rise
in the resistivity at TN is ≈ 1.5 µΩ m for the former ase
and ≈ 0.3 µΩ m for the later, we infer a higher energy
gap along the [100℄ diretion ompared to that along [001℄
diretion. The superzone gap eet in few ases aets
the Fermi surfae and redues the density of states at
the Fermi level resulting in the marginal derease of the
resistivity below TN. In an applied eld of 50 KOe (eld
well above the metamagneti transition) the upturn in
the resistivity at TN vanishes due to the disappearane of
superzone gap eet and the resistivity dereases linearly
for both the diretion (shown only for J // [100℄: H //
[001℄) of urrent.
The transverse MR of the ompound at various tem-
peratures is shown in Fig. 13b. The magnetoresistane
at 2 K and with J // [100℄ and H // [001℄ initially in-
reases with eld up to ≈ 20 KOe followed by a sharp
drop and then inreases at higher eld. The sharp drop
in MR is due to the eld indued ferromagneti behav-
ior of the ompound. The sharp drop moves towards
lower eld with inrease in temperature as expeted and
vanishes in the paramagneti state (12 K). The initial
inrease of the positive MR with eld (below 20 KOe)
reets ontributions from both the utuations indued
in the antiferromagneti state by the applied eld and
positive Lorentz ontribution from the ondution ele-
trons. The latter is also likely responsible for the inrease
of MR at higher elds and low temperatures. Its pres-
ene is also evident from the MR at 12 K (paramagneti
state) whih inreases and saturates at high elds. With
J // [001℄ and H // [100℄ the MR inreases with eld fol-
lowed by an inrease in the slope at higher elds (above
60 KOe). The inrease in the slope at high elds may be
due to the gradual orientation of the ordered moments
towards [100℄ diretion.
IV. CONCLUSION
In onlusion, we have studied the magneti behavior
of the single rystalline RAu2Ge2 (R La, Ce and Pr) om-
pounds. LaAu2Ge2 shows a Pauli-paramagneti behav-
ior with both resistivity and heat apaity measurements
reeting its nonmagneti behavior. The heat apaity
shows a presene of both optial and aousti modes of
vibration of its atoms. The magnetoresistane behav-
ior indiates a large anisotropy in the geometry of its
Fermi surfae. CeAu2Ge2 shows a simple antiferromag-
neti behavior with TN = 13.5 K and [001℄ as the easy
axis of magnetization. The ompound undergoes a spin
ip like metamagneti transition at 2 K and at a ritial
eld HC ≈ 43 KOe driving the ompound to a eld in-
dued ferromagneti state. The low temperature behav-
ior of the ompound indiates a presene of weak Kondo
interation. PrAu2Ge2 orders antiferromagnetially at
TN = 9 K with [001℄ as the easy axis of magnetization.
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This ompound also undergoes a spin ip type metam-
agneti transition at 2 K and at a ritial eld HC ≈
22 KOe. Crystal eletri eld analysis for CeAu2Ge2
and PrAu2Ge2 shows a doublet ground state for both
the ompounds.
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